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Photonic Bloch Oscillations and Zener Tunnelling
Henrike Trompeter, Andreas Bräuer, Anton S. Desyatnikov, Yuri S. Kivshar, Wieslaw Krolikowski, Falk Lederer, Dirk Michaelis, Dragomir N. Neshev, Thomas Pertsch, Ulf Peschel, Ulrich Streppel and Andrey A. Sukhorukov E lectromagnetic waves propagating in periodic media can behave similar to electrons in a crystalline potential. As a result, many eff ects originally predicted in solid-state physics can be observed by monitoring light propagation in periodic photonic structures. Two fundamental phenomena associated with the propagation of waves and quantum particles in periodic media under the action of an external driving force are Bloch oscillations 1 and Zener tunnelling. 2 In a periodic potential, the dynamics of a particle are dramatically aff ected by the band gap structure of its energy spectrum. Particles do not follow the direction of a driving force but instead perform an oscillatory motion, the so-called Bloch oscillations. Such oscillations occur when an external force causes the particle to gain momentum and to approach the Bragg resonance, where it is scattered back.
One reason that electrons still move in a crystalline lattice is an eff ect known as Zener tunnelling, 2 which is beyond the single band picture explaining the Bloch oscillations. If the variation of the superimposed linear potential within a unit cell is comparable with the size of the gap to the adjacent band, an intraband transition occurs. e strongest Zener tunnelling takes place when the particle reaches the edge of the fi rst Brillouin zone where the gap is smallest.
Two recent articles demonstrated these phenomena experimentally in one-and two-dimensional photonic structures by superimposing a refractive-index gradient on top of a periodic structure. 3, 4 e periodic distribution of the refractive index plays the role of a crystalline potential, and the index gradient causes the beam to move across the structure where it experiences Bragg refl ection on the high-index and total internal refl ection on the lowindex side of the structure. With similar settings, 1D Bloch oscillations have been observed. 5 To observe the eff ect of Zener tunnelling, we designed a structure with a smaller spectral gap. See fi gure, part (a). us, even a moderately strong index gradient causes high transmission rates from the fi rst to higher-order bands. We used a transverse imaging technique to directly observe Zener tunnelling along the direction of the gradient (b), while the main beam oscillates with decreasing amplitude.
Direct observations of Bloch oscillations and Zener tunnelling were so far limited to 1D geometries. New eff ects appear for higher dimensionality. In 2D periodic potentials, Zener tunnelling becomes nontrivial, being determined by lattice symmetries. We reported the fi rst direct observation of photonic Zener tunnelling and Bloch oscillations in a 2D periodic photonic lattice with an optically induced index gradient (c). 
